b s t r a c t -An acoustomagnetic spectrometer based on the use of a Superconducting Quantum Interference Device (SQUID) is discussed. The design and operation of the SQUID-based acoustomagnetic spectrometer are given along with a brief description of its applications t o the present time.
I-INTRODUCTION
In the last few years a new type of acoustomagnetic spectrometer has been developed a t this laboratory. This spectrometer relies on the use of a Superconducting Quantum Interference Device (SQUID) t o detect small changes in magnetization acoustically induced in a solid sample. The SQUID-based acoustoma netic spectrometer has many potential advantages over conventional acoustic spectrometers fl]. Since the SQUID system is very sensitive to small changes in magnetization it is potentially more sensitive t o certain types of acoustomagnetic phenomena than the conventional acoustic spectrometers which depend only on the change of acoustic characteristics of the sample. Acoustomagnetic resonant types of phenomena which depend on factors such as small gyromagnetic ratios of certain isotopes, dilute isotopes, and extreme broading of resonant lineshapes, all of which make conventional detection difficult, should be more easily detected via SQUID detection. A major advantage of the SQUID-based acoustomagnetic spectrometer is its ability to measure the spin-lattice relaxation time ( T I ) directly for various spin systems. The value of T I can be measured simply and easily as various parameters of the experiment are changed.
n-THEoRYsOPERATION
The quantum mechanics and the exact details involved in the operation of the rf SQUID system will not be discussed here but can be found in many good references [2,3]. The basic idea of the spectrometer is t o induce magnetization changes in the sample acoustically and then measure the z-component of the induced magnetization directly with the SQUID. This differs from conventional continuous wave acoustic spectrometers which measure changes in the ultrasonic attenuation and dispersion of mechanical standing waves in the crystal. Acoustically induced changes in magnetization can occur from a t least three different mechanisms. I) Acoustic energy is absorbed by the sample therefore raising its temperature. The change in temperature causes a change in the magnetic susceptibility of paramagnetic impurities in the sample and is detected a s a change in magnetization. 2 
m-DEsIGNQEmSPECTROMETER
The basic design of the SQUID-based acoustomagnetic spectrometer was developed by Pickens [5] and is shown in figure 1. This spectrometer can be broken up into two subsystems i) the data collection system and ii) the control system. The data collection system consists of a highly stable superconducting magnet, SQUID susceptometer, flux transformer, magnetic shielding, and the rf acoustic driving system. The control system consists of a microcomputer, analog-to-digital digital-to-analog interfaces, and a digitally controlled frequency synthesizer. The superconducting magnet is designed for magnetic fields up to 1 T and to be stable to one part in 101° per day. Single-strand TiNb superconducting wire with copper cladding was used t o form the magnet winding. Each of the adjacent layers of the windings are separated by a 10 mil thick sheet of oxygen free copper. A large amount of copper cladding and the copper sheets keep the magnet in close contact with the liquid helium bath and thus help prevent local warming of the magnet. The magnet was designed to be homogeneous to one part in lo4 but this is not obtained in practice since the presence of superconducting flux-transformer pick-up coils (described below) distort the magnetic field making the actual inhomogeneity on the order of one part in 500. The SQUID susceptometer consists of a S.H.E. corporation model-SP probe with a System 330X flux-locked loop electronics. Magnetic flux present at the SQUID input is maintained a t a single value by the SQUID control system which incorporates a negative feedback system. When the magnetic flux coupled to the SQUID from the sample changes, the SQUID control system compensates for this change by injecting more or less flux therefore keeping the total flux a t the SQUID locked t o a single value. A voltage which is proportional to this compensation is output and therefore reflects the change in magnetization of the sample. The SQUID s stem has a full scale deflection of * 5 4 ( is the flux quantum equal t o 2.07 x lo-' gauss-crnr and an output of 2 volts/@o on the most sensitive scale. Theoretically the system is sensitive t o changes of magnetic flux on the order of l~-~@~ 151. A sample under investigation is located near the center of the superconducting magnet inside one of the two astatically wound flux-transformer pick-up coils. The SQUID itself cannot be located next t o the sample inside the magnet because it will not function when exposed t o large magnetic fields. The housing containing the SQUID is located outside the magnet approximately 15 cm from the end of the magnet where the magnetic field is small compared t o that in the center. A change in magnetization in the sample is coupled t o the SQUID via a magnetic flux transformer circuit. Two astatically wound pick-up coils, one of which surrounds the sample, and a coil which couples t o the SQUID together form the flux transformer. All of the coils form a continuous superconducting circuit made of TiNb wire as shown in figure 1. Since the magnetic flux inside a closed loop of superconducting material will remain constant as long as the critical current is not exceeded a change in flux in one of the .pick-up coils will transfer a corresponding change in flux t o the coil coupled to the SQUID. An expression for the amount of flux transferred t o the SQUID in terms of the inductances of the various coils is given by the flux transfer factor discussed in various references [2, 3] . The magnet, pick-up coils, and sample are all enclosed by a superconducting lead cylinder closed a t one end. This lead shield, when superconducting, provides magnetic shielding against extraneous magnetic fields that may be present. A lead and a niobium shield surround the SQUID itself t o prevent extraneous magnetic fields t o interact with the SQUID directly. A major experimental difficulty with this spectrometer was the effect of microphonic noise. Any movement of the pick-up coils with respect t o an inhomogeneous magnetic field will be seen as a flux change by the SQUID, It was therefore important t o tightly clamp the the pick-up coil form to the magnet form and thus prevent any relative motion of the two. The sample probe itself is also tightly secured to the magnet form therefore preventing any relative motion of the pick-up coils and the sample. It wasn't until these various pieces of the probe where anchored together that the microphonic noise was reduced t o a level which permitted the observation of magnetoacoustic phenomena. The entire susceptometer is stationed on a stand weighing approximately lOOOkg which is in turn isolated from the floor by springs which reduce the effects of building vibrations.
The data acquisition system is also shown in figure 1. A frequency synthesizer which provides the rf signal t o drive the piezoelectric transducer bonded t o the sample is computer controlled t o sweep through a specified frequency range or remain a t a given frequency. Output of the frequency synthesizer is amplified by an rf amplifier and is sent through a section of adjustable transmission lines so that one may tune the spectrometer t o the desired power level a t a certain frequency. Of course one cannot keep the system tuned when frequency is being swept and this must be dealt with in the analysis of the data. The sample is acoustically driven by the system described above and any resultant change in magnetization is detected by the SQUID. A voltage proportional to the detected magnetization is output by the SQUID system. This output voltage is fed t o a n analog-to-digital converter and stored digitally in computer memory. Signal averaging is possible by repeatedly sweeping through the region of interest and summing the data. Once the data has been collected the data file is uploaded to a larger computer where data analysis is performed.
IV-EXPERIMENTAL RESULTS
So far this SQUID-based spectrometer has been used t o observe changes in magnetization in nuclear spin systems. The spectrometer has been used t o detect the nuclear acoustic resonance NAR) signal and measure the spin-lattice relaxation time as a function of temperature in la' Ta e spectrometer has also been used t o investigate the acoustic nuclear quadrupole rescnance spectra and the spin-lattice relaxation times as a function of magnetic field in ' 2 ' . 1 2 3~b 171. Most recently the spectrometer has been used t o study the non-resonant acoustic paramagnetic relaxation of ~e~+ ions in MgO and to compare the results with those obtained by Yuhas et. al. in a conventional acoustic experiment 181. With this method one can determine the spin-lattice relaxation time of the Fe 2' ions which IS on the order of lo4se-c.
